Abstract. Cardiac hypertrophy is one of the key structural changes that occurs in diabetic cardiomyopathy. Previous studies have indicated that the activation of NF-κB by calpain-1, a Ca 2+ -dependent cysteine protease, serves an important role in cardiac hypertrophy. The aim of the present study was to assess the effect of 30 and 60 mg/kg Lycium barbarum polysaccharide (LBP) treatment, the major active ingredient extracted from Lycium barbarum, on cardiac hypertrophy in streptozotocin (STZ) induced diabetic rats. In addition, the present study examined the possible underlying mechanisms of this effect by assessing calpain-1 expression and the NF-κB pathway. The mRNA expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) was determined by reverse transcription-quantitative PCR. Western blotting was used to detect the protein expressions of calpain-1, interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1) and toll-like receptor-4 (TLR-4) in the heart tissue. The results revealed that compared with non-diabetic rats, diabetic rats exhibited cardiac hypertrophy. Cardiac hypertrophy was defined by the following: Dysfunction of the cardiac hemodynamics, an increase in the ratios of left ventricular weight/body weight and heart weight/body weight and the increased expressions of ANP and BNP, which serve as hypertrophic markers in cardiac tissue. However, all of these changes were attenuated in diabetic rats treated with LBP. In addition, the protein expression of calpain-1 was increased in the heart tissue of diabetic rats compared with that of non-diabetic rats, where it was inhibited by LBP. LBP also decreased the protein expression of certain inflammatory mediators, IL-6, TNF-α, ICAM-1, VCAM-1 and TLR-4 in diabetic heart tissue. Furthermore, LBP treatment reduced the production of reactive oxygen species, upregulated the protein expression of endothelial nitric oxide synthase and downregulated the protein expression of inducible nitric-oxide synthase. Additionally, LBP increased the protein expression of p65, the subunit of NF-κB and inhibitory protein кB-α in the cytoplasm and reduced p65 expression in the nucleus. In conclusion, LBP improves cardiac hypertrophy, inhibits the expression of calpain-1 and inhibits the activation of NF-κB in diabetic rats.
Introduction
Diabetic cardiomyopathy (DCM) is one of the most common complications of diabetes mellitus and is closely associated with the increasing incidence of heart failure (1) . Although the duration and severity of hyperglycaemia are considered major risk factors for the development of DCM (2), the molecular mechanisms underlying DCM remain unknown. Cardiac hypertrophy is one of the key structural changes in DCM and is often preceded by the pathological phenotype of DCM (3). Calpain-1, a Ca 2+ -dependent cysteine protease, is implicated in a number of pathological conditions associated with cardiovascular diseases including cardiac hypertrophy (4) (5) (6) (7) . It has been previously reported that calpain-1 is upregulated in the heart tissue of rats treated with isoproterenol (8) , highlighting the important role of calpain-1 in the development of sympathetic hypertrophic cardiomyopathy. The involvement of calpain-1 in hypertrophic cardiomyopathy largely depends on its mediation of oxidative stress and inflammation, which are the most important contributors to the onset and progression of diabetic cardiac hypertrophy (8, 9) . In addition, a previous study has revealed that the inhibition of the reactive oxygen species (ROS)-/NF-κB pathway protects cardiomyocytes from hypertrophy (10) . There has been increasing evidence that inflammation and adhesion molecules are involved in diabetes and the progression of cardiac hypertrophy in diabetes (11, 12) . NF-κB serves an important role in the regulation of pro-inflammatory genes leading to the overproduction of inflammatory mediators, including tumor necrosis factor (TNF)-α, interleukin-6 (IL-6) and inducible nitric oxide synthase (iNOS) in the hearts of isoproterenol treated rats (13) . It has been reported that the activity of calpain-1 increases in high glucose-treated cardiomyocytes and streptozotocin (STZ)-induced diabetes (2, 8) . In addition, calpain-1 has been reported to be involved in acute inflammatory processes via the activation of the NF-κB pathway (7, 14) . In conclusion, these results indicate that the improvement of cardiac hypertrophy may be achieved by inhibiting the expression of calpain-1 expression and the activation of NF-κB.
Lycium barbarum, a member of the Solanaceae family, produces red-colored fruits, commercially known as Goji berries and has been used as a traditional Chinese herbal medicine for thousands of years (15) . Lycium barbarum polysaccharide (LBP) is the major active ingredient extracted from Lycium barbarum and has a number of important bioactivities, including anti-oxidation (16), immunomodulation (17) and anti-inflammation (18) . In STZ-induced diabetic animals, LBP has been indicated to attenuate testicular dysfunction (19) , protect peripheral neuropathy (20) , improve male sexual dysfunction and fertility impairments in males (21), enhance spermatogenesis (22) and inhibit diabetic nephropathy (23) . However, to the best of our knowledge, the protective effect of LBP on cardiac hypertrophy in diabetic rats has not yet been reported. Further investigation is required on whether this potential protective effect is targeted on calpain-1 expression and NF-κB pathway.
The current study hypothesized that LBP may protect diabetic rats from cardiac hypertrophy with the following taken into consideration: Calpain-1 mediates activation of the NF-κB pathway, which leads to oxidative stress and inflammation, serving an essential role in the development of cardiac hypertrophy, and LBP possesses antioxidative and anti-inflammatory effects (7, 9) . The present study also assessed the underlying mechanism of this protected effect by targeting calpain-1 expression and the NF-κB pathway. weeks. An additional 10 healthy non-diabetic rats were used as the control group (n=10) and were administered the vehicle. Cardiac hypertrophy was defined by the following: Dysfunction of the cardiac hemodynamics, an increase in the ratios of left ventricular weight/body weight and heart weight/body weight and the increased expressions of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which serve as hypertrophic markers in cardiac tissue.
Materials and methods

Chemicals
Hemodynamics and heart weight index measurement.
Hemodynamics was conducted after the rats were anesthetized with intraperitoneal injection of sodium pentobarbital (0.04 g/kg). Overdose of 20% urethane (1 g/kg) followed by exsanguination were used to sacrifice the rats following the hemodynamics. Hemodynamics and heart weight index was calculated according to previous reported methods (25) . The BL-420S polygraph (Chengdu TME Technology Co. Ltd.) was used to record the left ventricular end-diastolic pressure (LVEDP), left ventricular systolic pressure (LVSP) and the maximal rate of left ventricular systolic and diastolic pressure (±dp/dt max ). The indexes of HW/BW and LVW/BW were defined as heart weight/body weight, and left ventricular weight/body weight, respectively.
Histological analysis. Heart tissues (thickness 5 µm) were fixed in 10% neutral formaldehyde buffer at 25˚C for 24 h and embedded in paraffin. Tissues were subsequently stained with hematoxylin-eosin (HE; H staining for 5 min at 25˚C, 1% E staining for 3 min at 25˚C) to evaluate morphological changes.
mRNA expression with reverse transcription-quantitative PCR (RT-qPCR).
Heart tissue was homogenized and total mRNA was isolated using a TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). According to the manufacturer's protocol, total RNA (500 ng) was reverse-transcribed to cDNA using the HiScript ® II One
Step RT-PCR kit (Vazyme). The mRNA expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) was examined using a ChamQ SYBR qPCR Master Mix kit (Vazyme) with a BioRad iQ5 Real Time PCR system (Bio-Rad Laboratories, Inc.) according to the manufacturer's protocol. The sequences of the primers were as follows: ANP forward, 5'-CAG CAC AAT AGA GCC GCT GA-3' and reverse, 5'-GGG CAG GAG CTT GAA CAC G-3'; BNP forward, 5'-GCA GAA GCT GCT GGA GCT GA-3' and reverse, 5'-ATC CGG AAG GCG CTG TCT TG-3'; GAPDH forward, 5'-GAG ACA GCC GCA TCT TCT TG-3' and reverse, 5'-ATA CGG CCA AAT CCG TTC AC-3'. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 30 sec; 40 cycles of annealing at 95˚C for 10 sec and extension at 60˚C for 30 sec. mRNA levels were normalized to the internal reference gene GAPDH according to the 2 -ΔΔCq method (26) .
Serum IL-6 and TNF-α determination. Serum contents of IL-6 and TNF-α were determined using IL-6 ELISA kit (cat. no. R6000B) and TNF-α ELISA kit (cat. no. RTA00) obtained from R&D Systems, Inc. according to the manufacturer's protocols.
Detection of ROS in heart tissues. The oxidation-sensitive fluorescent dye dihydroethidium (DHE) was used to assess ROS content in situ. Heart tissues were embedded in tissue freezing medium (O.C.T. Compound 4583; Sakura Finetek USA, Inc.) and cut in a cryostat (LeicaCM1850; Leica Microsystems GmbH). Transverse heart tissue sections (5 µm) were disposed on glass slides, in order to reach the equilibrium for 30-60 min at 37˚C in PBS. The sections were then incubated with DHE at 37˚C for 30 min in the dark and control sections received an identical volume of PBS. Fluorescent images were subsequently obtained with an optical microscope (magnification, x200; LeicaDFC 300FX: Leica Microsystems GmbH). Total and background pixel intensity were measured and used to correct the DHE intensity of each image. Quantification of DHE intensity was performed using ImageJ software (version 1.4.3.67, National Institutes of Health).
Immunohistochemical analysis. Tissue samples were treated with endogenous peroxidase blocker (cat. no. PV-6001; OriGene Technologies, Inc.) at 25˚C for 10 min, and incubated with anti-p65 antibodies (1:100, cat. no. ab16502; Abcam) overnight at 4˚C. This was followed by an incubation with horseradish peroxidase-labeled goat anti-rabbit IgG polymer (cat. no. PV-6001; OriGene Technologies, Inc.) at 25˚C for 20 min. Tan or brown pigmented cell nuclei were considered to indicate a positive expression. Images were captured using a fluorescence microscope (Leica DMI300B). The results were analyzed using the Image-Pro Plus 6.0 (Media Cybernetics, Inc.) image analysis system. In each section, five positive colored regions were randomly selected and the average intensity of nuclear staining was determined.
Western blot analysis. Heart tissues were homogenized in phenylmethane sulfonyl fluoride and RIPA lysis buffer (cat. no. P0013B, Beyotime Institute of Biotechnology) and centrifuged at 12,000 x g for 20 min at 4˚C. Nuclear proteins were separated using Active Motif's Nuclear and Cytoplasm Extraction kit (Dakewe Biotech Co., Ltd.) according to the manufacturer's protocol. A total of 40 µg of protein/lane from all samples was loaded onto 10% SDS-PAGE, transferred to polyvinylidene fluoride membranes. The membranes were then blocked for 1.5 h at 25˚C with 10% bovine serum albumin (cat. no. 10735108001; Roche Applied Science) and incubated with anti-calpain-1 (1:1,000, cat. no. 2556S), anti-p65 (1:500, cat. no. ab86299), IкB-α (1:2,000, cat. no. ab7217), GAPDH (1:500, cat. no. ab9483), IL-6 (1:1,000, cat. no. 3732S), TNF-α (1:1,500, cat. no. A0277), ICAM-1 (1:1,000, cat. no. A559), VCAM-1 (1:1,000, cat. no. A0279), TLR-4 (1:1,500, cat. no. A5258), eNOS (1:1,000, cat. no. 9572S), iNOS (1:1,000, cat.
no. A0312) and Lamin B (1:500, cat. no. ab8982) overnight at 4˚C. Following extensive washing (TBST), membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:1,000, cat. no. AS014; ABclonal Biotechnology Co., Ltd) for 2 h at 25˚C and the immunoreactivity in protein bands was visualized via enhanced chemiluminescence (Gaomin ECL Chemiluminescence kit; Wanleibio Co., Ltd.). Western blotting results were quantified with Wright Cell Imaging Facility ImageJ Launcher software (version 1.4.3.67, National Institute of Health). Each experiment was performed at least in triplicate.
Statistical analysis.
Results are presented as the mean ± standard error of the mean. Statistical analysis of data was performed using a one-way analysis of variance with Bonferroni's correction for multiple group comparisons. A Student's t-test was used for comparisons between two groups with SPSS 17.0 software (SPSS, Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
LBP attenuates cardiac hypertrophy in STZ-induced diabetic rats.
In the control group, HE staining of the heart tissue revealed that the morphology of cells was normal and that myocardial fibers were arranged in neat rows (Fig. 1A) . However, STZ-induced diabetic rats demonstrated wide myocardial fibers and disarranged myocytes (Fig. 1A) . The subsequent administration of LBP (30 and 60 mg/kg/d) improved the observed pathological changes, indicating that LBP prevents effects of STZ in heart tissue. The results of the current study also indicated that STZ increased the ratios of HW/BW (Fig. 1B) and LVW/BW (Fig. 1C) , and upregulated mRNA and protein expression of various hypertrophic markers, including ANP and BNP (Fig. 1D-G) when compared with the control. However, LBP treatment reduced the ratios of HW/BW and LVW/BW, and downregulated the mRNA and protein expression of ANP and BNP compared with STZ alone. The aforementioned results indicate that LBP treatment attenuates cardiac hypertrophy induced by STZ.
LBP lowers blood glucose levels of STZ-induced diabetic rats.
Compared with the control group, it was revealed that there was nearly a two-fold increase in fasting blood glucose levels following STZ injection ( Fig. 2A) . However, blood glucose levels were significantly decreased in the STZ+LBP (60) group, but not in the STZ+LBP (30) group when compared with the STZ group. (Fig. 2B) and LVEDP (Fig. 2C) , and decrease +dp/dt max (Fig. 2D) and-dp/dt max (Fig. 2E ) compared with the control group. However, LBP treatment was demonstrated to decrease LVSP and LVEDP in a dose-dependent manner. Furthermore, LBP treatment and increased ±dp/dt max compared with STZ group.
LBP improves cardiac hemodynamics in STZ-induced diabetic rats. STZ treatment was revealed to increase LVSP
LBP reduces superoxide anion generation and regulates the protein expression of eNOS and iNOS in STZ-induced
diabetic rats. DHE staining indicated a significant increase in superoxide anion generation in heart tissue following STZ treatment when compared with the control. However, LBP treatment was revealed to reduce superoxide anion generation in a dose-dependent manner compared with the STZ group (Fig. 3A and B) . STZ treatment was also revealed to downregulate the protein expression of eNOS and upregulate the expression of iNOS compared with the control group. Furthermore, the effect of STZ was reversed when introducing LBP treatment (Fig. 3C and D) .
LBP decreases inflammatory cytokine production in STZ-induced diabetic rats.
Compared with the control group, STZ increased IL-6 ( Fig. 4A ) and TNF-α (Fig. 4B ) content in rat serum, and upregulated the protein expression of IL-6 (Fig. 4C) , TNF-α (Fig. 4D) , ICAM-1 (Fig. 4E) , VCAM-1 (Fig. 4F ) and TLR-4 ( Fig. 4G) in rat heart tissue. However, subsequent LBP treatment decreased serum IL-6 and TNF-α in a dose-dependent manner and downregulated the protein expression of IL-6, TNF-α, ICAM-1, VCAM-1 and TLR-4 compared with the STZ group. These results indicate that the The +dp/dtmax and (E) -dp/dtmax of rats. Data are expressed as the mean ± SEM (n=10). * P<0.05. LBP, lycium barbarum polysaccharide; STZ, streptozotocin; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; dp/dtmax, maximal rate of left ventricular systolic pressure. inhibition of cardiac hypertrophy by LPB may be potentially attributed to its anti-inflammatory properties.
LBP downregulates the protein expression of calpain-1 in STZ-induced diabetic rats. STZ increased the protein expression of calpain-1 in rat heart tissue compared with the control group (Fig. 5) . However, subsequent LBP treatment dose-dependently downregulated the protein expression of calpain-1 when compared with the STZ group.
LBP inhibits the nuclear translocation of NF-κB in STZ-induced diabetic rats.
Immunohistological staining of the p65 antibody indicated that STZ increased the number of p65 nuclear inputs compared with the control, which was decreased following LBP treatment (Fig. 6A and B) . Western blot analysis revealed that compared with the control, STZ increased the protein expression of p65 in the nucleus (Fig. 6C) , and decreased the expression of p65 (Fig. 6D) and IкB-α (Fig. 6E ) in the cytoplasm of heart tissues. However, LBP treatment reversed the effect of STZ in a dose-dependent manner.
Discussion
In the present study, it was revealed that STZ-induced diabetic rats exhibited cardiac hypertrophy represented by upregulation of mRNA and protein expression levels of ANP and BNP, two hypertrophic markers (27) , accompanied by an increased protein expression of calpain-1 and NF-κB activation in hypertrophic heart tissue. The results indicated that an increased protein expression of calpain-1 and the activation of NF-κB may serve key roles in the development of cardiac hypertrophy in diabetic rats. It was also demonstrated that the intragastrical administration of LBP attenuated cardiac hypertrophy, as it decreased the expression of calpain-1 and inhibited the activation of the NF-κB pathway. These results indicate that the improvement of cardiac hypertrophy by LBP treatment may be associated with the inhibition of calpain-1 expression and NF-κB pathway activation.
Lycium barbarum has been used as a traditional Chinese herbal medicine for thousands of years (15) . LBP is the major active ingredient extracted from Lycium barbarum. In STZ-induced diabetic animals, LBP has been indicated to attenuate testicular dysfunction (19) , protect peripheral neuropathy (20) , improve male sexual dysfunction and fertility impairments (21), enhance spermatogenesis (22) and inhibit diabetic nephropathy (23) . The results of the present study indicated that LBP improves cardiac hypertrophy in STZ-induced diabetic rats. The results of the aforementioned studies and present study indicate that LBP may effectively attenuate diabetic complications (19, 22, 23) . These results also provide experimental evidence for the effective use of LBP in patients with diabetes. In terms of practical applications, Cai et al (28) reported that LBP may serve as a potential treatment aided-agent for patients with diabetes.
Increasing evidence has indicated that inflammation and oxidative stress serve key roles in the pathogenesis of cardiac hypertrophy (2, 25, 29) . The present study also demonstrated that LBP inhibited the expression of various inflammatory molecules including IL-6, TNF-α, ICAM-1, VCAM-1 and TLR-4 in the serum and/or heart tissue of STZ-induced rats. In addition, LBP reduced the production of ROS and regulated the expression of iNOS and eNOS in diabetic heart tissue. These results indicate that the protective effect of LBP on cardiac hypertrophy in diabetes may be partly associated with the inhibition of inflammation and oxidative stress. Similarly, Du et al (18) reported that LBP reduces oxidative stress and inflammation, subsequently leading to anti-diabetic and anti-nephritis effects in a high-fat diet (12% protein, 5% fat, 67% carbohydrate, 5% cholesterol, and 5% other additives) and STZ-induced diabetic rats. In conclusion, these results indicated that anti-oxidation and anti-inflammation may serve as key underlying mechanisms for the improvement of diabetic complications by LBP.
Guo et al (29) reported that NF-κB activation is an important underlying mechanism of diabetic cardiac hypertrophy in STZ-induced type 1 diabetic mice and high glucose-treated H9c2 cardiomyocytes. The aforementioned study supports those of the present study as the protein expression of calpain-1 was increased and NF-κB was activated in the hypertrophic heart tissue of diabetic rats. In addition, it has been reported that calpain-1 accumulates in the mitochondria and promotes diabetic cardiomyopathy (30) . It has been previously demonstrated that calpain-1 is upregulated in the hypertrophic heart tissue of rats treated with isoproterenol (8) . In conclusion, the results of the current study revealed that calpain-1 and NF-κB serve important roles in the pathogenesis of cardiac hypertrophy. In accordance with the present results indicating that LBP inhibits the activation of NF-κB, Du et al (18) also reported that LBP mediates anti-diabetic and anti-nephritic effects in a high-fat diet and STZ-induced diabetic rats by regulating the NF-κB pathway.
The main limitation of the present study is that the cause-effect relations among parameters including calpain-1 expression, NF-κB activation, inflammatory molecules and oxidation indicators cannot be precisely determined. It is possible in the future to overcome this limitation by conducting animal experiments and/or by in vitro studies, using inhibitors of calpain-1 and NF-κB.
In conclusion, the present study demonstrated that LBP treatment inhibited cardiac hypertrophy in STZ-induced diabetic rats, an effect that may be associated with the inhibition of calpain-1 expression and NF-κB activation. These results provide an insight into the underlying mechanism of LBP and an experimental basis for the potential therapeutic use of LBP in diabetic cardiac hypertrophy.
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